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NATIONAL  AERONAUTICS  ANL  SPACE  ADMINISTRATION 


TECMICAL  NOTE  D-1458 


PRELIMINARY  INVESTIGATION  OF  EFFECT  OF  HYDROGEN  ON 

STRESS-RUPTURE  AND  FATIGUE  PROPERTIES  OF  AN 

IRON-,  A  NICKEL-,  AND  A  COBALT-BASE  ALLOY 

By  Stanley  J.  Klima,  Alfred  J.  Nachtigall, 
and  Charles  A.  Hoffman 


..SUMMARY 
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I  The  effect  of  bydrogeri^'orL  the  elevated-tenrperature  axial-tensile- 
__j:atlgiie^and  st r e s Ia^ d^t properties  of  tM^'e  higlv^mperature  alloys 
was  inve st i^t e'di  “■T!Ke’’^tTst^  4^mperature  for  A- 286  alloy  was  1200^  F; 
while  that  for  Inconel  lodf^d^  8-816  was  1500*^  F*  Each  alloy  was  tested 
at  a  single  mean  stress  level  ifT^axial  fatigue  (49;500  psi  for  A- 2^6^  S 
33^000  psi  for  Inconel  700^  and  16^000  psi  for  8-816)  and  at  a  different 
single  stress  level  in  stress  ruptirre  (57^000  psi  for  A-286;  40^000  psi 
for  Inconel  700^  and  19^000  psi  for  8-816)*  A  ratio  of  the  alternating 
tensile  load  to  mean  tensile  load  of  0*5  was  maintained  during  the  fa¬ 
tigue  tests*  Hollow  specimens  were  used*  In  one  series  of  tests^  dried 
hydrogen  was  forced  through  the  specimens^  while  their  exterior  surface 
was  exposed  to  a  normal  air  atmosphere  and  a  heat  source*  The  tests 
were  repeated  with  dried  air  as  the  internal  gas*  j 

The  average  fatigue  lives  of  all  the  alloys  were  not  significantly 
decreased  as  a  result  of  the  hydrogen  environment  compared  with  the  av¬ 
erage  fatigue  lives  obtained  in  the  air  tests.  Comparison  of  the  aver¬ 
age  stress-rupture  lives  obtained  from  hydrogen  and  air  tests  with  A- 28 6 
and  Inconel  700  showed  no  significant  differences*  8-816^  however^  pro¬ 
vided  average  stress-rupture  lives  of  151  and  215  hours  for  the  hydrogen- 
tested  and  air-tested  specimens^  respectively*  The  difference  in  lives 
was  statistically  significant*  ^ 

I  Cracks  appeared  on  both  the  internal  surface  (hydrogen  side)  and 
the  external  siurface  (air  side)  in  the  failure  area  of  hydrogen- tested 
fatigue  and  stress-rupture  specimens.  Normally  these  cracks  were  not 
concentrated  primarily  on  one  surface  in  preference  to  the  other*  Fa¬ 
tigue  failures  were  generally  transgranular  in  nature^  while  stress- 
rupture  failures  were  intergranular  for  each  of  the  materials  investi¬ 
gated,  regardless  of  the  internal  gas. 
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INTRODUCTION 

The  actual  and  contemplated  uses  of  hydrogen  in  various  aerospace 
applications  has  increased  the  need  for  learning  more  about  its  effect 
on  the  mechanical  properties  of  metals.  Among  the  more  important  aero¬ 
space  applications  in  which  hydrogen  may  be  used  are  aircraft  turbine 
engines  and  the  rocket  motors  of  missiles  and  space  vehicles.  For  exam¬ 
ple^  it  has  been  shown  (ref.  l)  that  additional  degrees  of  freedom  in 
design  and  operation  are  possible  in  aircraft  in  which  the  turbine  buckets 
are  cooled.  Although  air  is  the  most  common  gaseous  coolant  considered^ 
the  excellent  heat -transfer  properties  (hi^  specific  heat  and  thermal 
conductivity)  of  hydrogen  indicate  that  it  has  a  considerably  greater 
potential  as  a  turbine -cooling  medium.  In  liquid-propellant  rocket 
motors  the  use  of  hydrogen  as  a  fuel  affords  great  promise  for  producing 
specific  impulse.  Thus,  the  effect  of  hydrogen  on  the  elevated- 
temperature  mechanical  properties  (including  stress  rupture  and  fatigue) 
of  metals  that  might  be  used  Ih  such  applications  becomes  of  paramount 
importance  to  designers  of  aerospace  vehicles. 

Investigations  have  been  conducted  with  steels,  nickel,  and  nickel- 
base  alloys,  as  well  as  refractory  metals  such  as  columbium  (refs.  2 
to  9),  to  study  the  effects  of  a  gaseous -hydrogen  environment  on  various 
mechanical  properties  of  these  materials .  The  mechanical  properties  con¬ 
sidered  were  tensile  strength,  elongation,  reduction  of  area,  stress- 
rupture  life,  and  creep  rate.  These  studies  were  made  in  many  different 
ways  and  under  a  wide  variety  of  test  conditions  and  generally  showed 
that  hydrogen  adversely  affected  one  or  more  of  these  properties  for  all 
materials  considered. 

For  example,  reference  4  indicates  that  tubular  specimens  of  low- 
and  medium-alloy  steels  (0.12  to  0.25  percent  carbon,  0,34  to  1.5  percent 
silicon,  0.33  to  0.50  percent  manganese,  1.14  to  2.98  percent  chromivim, 
0.20  to  0.50  percent  molybdenum,  0  to  0.70  percent  vanadium,  0  to  0.40 
percent  tungsten,  and  0  to  0.1  percent  titanium)  pressurized  with  hydro¬ 
gen  demonstrated  up  to  40  percent  lower  rupture  strength  (at  a  test  tem¬ 
perature  of  1100°  F  and  for  times  of  1000  and  10,000  hr)  than  specimens 
pressurized  with  nitrogen.  In  these  tests,  the  internal  gas  pressure, 
which  was  maintained  constant,  provided  the  loading  force.  A  high-alloy 
steex  (0.12  percent  carbon,  0.74  percent  silicon,  1.15  percent  manganese, 
17.25  percent  chromium,  10.35  percent  nickel,  and  0.45  percent  titanium) 
also  showed  reductions  in  rupture  strength  up  to  20  percent  at  these  same 
test  conditions.  Detrimental  effects  were  also  observed  with  nickel  and 
nickel-base  alloys  (refs.  5  to  8).  After  exposure  to  hydrogen  under 
2000  atmospheres  pressure  at  a  temperature  of  475°  C  for  periods  ranging 
from  3  hours  to  4  weeks,  five  nickel -base  alloys  exhibited  embrittle¬ 
ment  in  room-temperature  tensile  tests  as  well  as  in  bend  tests  at  room 
temperature  and  at  475°  C  (ref.  5).  The  investigators  of  reference 
5  determined  the  degree  of  embrittlement  by  visual  examination  of  failed 
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specimens.  Studies  of  the  creep  rate  of  pure  "A"  nickel  at  1380°  F  also 
shoved  a  hydrogen  environment  to  be  detrimental  (ref.  6).  The  creep 
rate  vas  decreased  by  more  than  50  percent  when  the  atmospheric  environ¬ 
ment  of  the  test  vas  changed  from  hydrogen  to  air.  Columbium  vas  observed 
to  exhibit  a  72 -percent  decrease  in  room -temperature  elongation  after  ex¬ 
posure  to  hydrogen  at  400°  C  for  3  hours  (ref.  9). 

Various  postulates  have  been  made  to  describe  the  mechanisms  that 
occur  vhen  metals  are  exposed  to  a  hydrogen  atmosphere.  In  reference  2 
it  is  suggested  that  monatomic  hydrogen  can  diffuse  into  the  metal  and 
recombine  to  form  molecular  hydrogen  in  grain  boundaries  and  voids, 
thereby  generating  high  internal  pressures  that  cause  a  brittle  type  of 
failure.  Reference  4  suggests  that  in  metals  containing  unstable  car¬ 
bides  hydrogen  may  react  vith  these  carbides  to  form  methane -gas  mole¬ 
cules  thereby  veakening  the  microstructure.  In  the  refractory  metal, 
columbium  embrittlement  has  been  attributed  primarily  to  hydride  forma¬ 
tion  (ref.  9). 

Although  considerable  background  is  available  regarding  the  effect 
of  hydrogen  on  various  mechanical  properties  of  metals,  additional  data 
are  required  to  determine  its  effect  on  the  strength  of  specific  classes 
of  materials  exposed  in  a  manner  similar  to  that  encountered  in  aerospace 
applications.  An  investigation  vas  therefore  initiated  at  the  MSA 
Levis  Research  Center  to  indicate  possible  effects  of  hydrogen  on 
elevated-temperature  axial -tensile -fatigue  and  stress -rupture  properties 
of  some  heat-resistant  alloys.  Fatigue  and  stress -rupture  tests  vere 
conducted  vith  externally  heated  hollo v  heat-resistant  alloy  specimens 
through  vhich  gaseous  hydrogen  vas  passed  under  a  pressure  of  500  pounds 
per  square  inch.  This  pressure  vas  considered  to  be  representative  of 
that  likely  to  be  encountered  in  a  cooled  turbine -bucket  application. 

The  investigation  vas  repeated  vith  air  as  the  internal  gas  at  the  same 
pressure  to  provide  comparative  data.  The  alloys  selected  vere  an  iron- 
base  alloy  (A-286) ,  a  cobalt-base  alloy  (S-816),  and  a  nickel -base  alloy 
(Inconel  700).  The  A-286  alloy  tests  vere  conducted  at  a  specimen  temper¬ 
ature  of  1200^  F.  Both  the  S-816  and  Inconel  700  alloy  tests  vere  made 
at  a  specimen  temperature  of  1500^  F.  The  mean  stress  levels  utilized 
for  the  fatigue  tests  vere  49,500,  33,000,  and  16,000  pounds  per  square 
inch  for  A-286,  Inconel  700^  and  S-816,  respectively,  vhile  stress  levels 
for  the  stress -rupture  tests  vere  57,000,  40,000,  and  19,000  pounds  per 
square  inch,  respectively.  Typical  specimens  vere  studied  metallograph- 
ically  at  completion  of  the  tests. 


MATERIALS,  APPARATUS,  AMD  PROCEDURE 
Materials  Studied 

Three  materials,  an  iron-base  alloy  (A-286),  a  nickel -base  alloy 
(Inconel  700),  and  a  cobalt-base  alloy  (S-816),  vere  selected  for  this 
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investigation.  These  alloys  are  of  the  precipitation-hardening  type, 
although  they  differ  with  respect  to  the  precipitating  phases  that  con¬ 
tribute  to  their  strength  at  elevated  temperatures.  For  example,  in 
A-286,  precipitation  hardening  occurs  through  the  formation  of  a  suh- 
microscopic  coherent  precipitate,  the  eq^uilihrium  phase  of  which  is 
Ni3Ti  (ref.  lO) .  In  Inconel  700,  which  contains  relatively  large  per¬ 
centages  of  aluminum  and  titanium,  precipitation  hardening  probably 
occurs  through  the  formation  of  the  Ni3(Al,Ti)  intermetallic  compound 
of  the  gamma -prime  phase  (ref,  ll) .  S-816  owes  most  of  its  strength  to 

the  precipitation  of  carbides,  althou^  its  strength  can  also  be  enhanced 
through  cold  work  by  forging.  The  chemical  compositions  of  the  as- 
received  materials  are  listed  in  table  I. 

The  material  was  received  as  1-inch-diameter  bar  stock.  The  bar 
stock  in  each  alloy  group  was  from  the  same  original  material  heat.  The 
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as -received  stock  of  each  alloy  was  cut  into  2— inch  lengths,  which  were 
given  the  standard  heat  treatments  listed  in  table  II, 


Test  Specimens 

A  tubular-type  test  specimen  (fig.  l)  was  chosen  in  order  to  simu¬ 
late  a  turbine  bucket  cooling  configuration  in  which  gaseous  hydrogen 
would  flow  under  pressure  through  drilled  cooling  passages  in  the  bucket 
while  its  external  surface  was  exposed  to  a  heat  source.  In  an  effort 
to  minimize  any  detrimental  effects  of  surface  condition  on  fatigue  life, 
the  external  surface  of  the  specimen  was  ground  in  an  axial  direction  to 
a  finish  of  16  microinches.  The  internal  surface  was  honed  to  an 
8 -microinch  finish.  External  threads  were  provided  for  gripping.  The 
type  of  specimens  used  was  identical  for  both  fatigue  and  stress -rupture 
tests . 


Apparatus  and  Instrumentation 

Figure  2  illustrates  the  fatigue  test  installation.  The  major  com¬ 
ponents  include  a  direct-tensile-stress-fatigue  machine,  a  resistance- 
heated  tube  furnace,  a  tubular -type  test  specimen,  and  a  gas  supply 
train.  Mean  tensile  loads  were  applied  by  a  hydraulic  piston,  which 
also  compensated  for  specimen  elongation  during  test.  Alternating  loads 
were  applied  by  a  calibrated  cam-operated  lever  arm  at  a  frequency  of 
1970  cycles  per  minute.  This  frequency  is  a  design  characteristic  of 
the  machine.  The  test  was  interrupted  and  loads  were  checked  at  regular 
intervals  by  utilizing  a  dial  indicator  mounted  on  a  deflection  bar  to 
measure  the  amount  of  bending  in  the  lever  arm.  Universal  joints  were 
used  on  the  loading  assembly  to  minimize  bending  stresses.  The  gas 
(hydrogen  or  air)  was  introduced  and  removed  through  l/4-inch  stainless- 
steel  tubes  heliarc  welded  to  each  end  of  the  specimen.  Hollow  grips 
were  slipped  over  these  and  threaded  to  the  specimen  ends.  Three 
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thermocouples  vere  attached  to  each  specimen^  one  at  the  center  of  the 
test  section  and  one  on  each  shoulder.  The  central  thermocouple  vas  wired 
to  the  test  section  and  was  used  to  control  the  specimen  temperature^ 
which  was  maintained  within  +10^  F  of  that  desired.  The  shoulder  thermo¬ 
couples  were  spotwelded  in  place  and  were  used  to  measure  the  temperature 
distribution  along  the  length  of  the  specimen. 

Hydrogen  gas  (99  percent  purity)  and  air  were  supplied  from  pres¬ 
surized  cylinders.  A  re generative -type  dryer^  utilizing  activated  alu- 
mina^  was  employed  in  the  inlet  line  between  the  gas  supply  and  the  test 
specimen.  Before  beginning  each  test;  the  dewpoint  of  the  gas  (hydrogen 
or  air)  was  checked  after  it  passed  through  the  dryer.  Test  operation 
was  initiated  only  when  the  dewpoint  was  -70^  C  or  lower.  The  internal 
gas  flow  rate  (either  hydrogen  or  air),  measured  at  room  temperature  and 
pressure;  was  2  cubic  feet  per  hour.  The  pressure  inside  the  specimen 
during  the  test  was  500  pounds  per  square  inch.  A  pressure-sensitive 
switch  was  utilized  to  shut  off  both  the  gas  flow  and  the  timer;  which 
logged  specimen  life;  at  the  instant  of  specimen  failure.  The  time  of 
failure  was  defined  as  the  moment  the  specimen  broke  or  developed  a  crack 
large  enough  to  cause  a  gas  leak  and  pressure  drop  in  the  system  of  ap¬ 
proximately  50  pounds  per  square  inch. 

A  standard  stress -rupture  machine  was  used  for  the  stress -rupture 
tests.  The  specimens  were  supplied  with  gas  and  were  heated  in  the  same 
manner  as  in  the  fatigue  tests.  Failure  was  defined  in  the  same  manner 
as  it  was  for  the  fatigue  tests . 


Test  Procedure 

Fatigue  tests .  -  The  specimens  were  subjected  to  a  tensile  load  that 
was  alternately  decreased  and  increased  through  the  action  of  the  cam- 
operated  lever  arm.  The  ratio  of  the  amplitude  of  the  alternating  stress 
to  mean  tensile  stress;  referred  to  as  the  "A"  factor;  was  maintained  at 
0.5  for  the  alloys  investigated.  The  applied  mean  tensile  stress  was  set 
at  49;500  pounds  per  square  inch  for  A-286;  33;000  pounds  per  square  inch 
for  Inconel  700;  and  16;000  pounds  per  square  inch  for  S-816.  These 
stresses  were  selected  to  limit  the  test  length  to  times  considerably 
below  1000  hours .  Specimen  test  temperatures  were  maintained  at  1200^  F 
for  A-286;  and  1500^  F  for  both  Inconel  700  and  S-816.  Five  to  seven 
specimens  of  each  alloy  were  investigated  with  air  flowing  through  the 
specimens.  Five  specimens  of  Inconel  700;  five  of  S-816;  and  two  of 
a-286  were  investigated  with  hydrogen  as  the  internal  gas.  The  number  of 
specimens  available  (from  the  same  heat)  after  initial  checkout  runs 
prevented  additional  tests  with  the  A-286  alloy. 


Stress -rupture  tests.  -  In  the  stress -rupture  investigation  the 
applied  stresses  were  chosen  to  provide  test  times  generally  comparable 
to  those  of  the  fatigue  study.  The  stresses  applied  were  57^000  pounds 
per  square  inch  for  A-286^  40^000  pounds  per  square  inch  for  Inconel 
700^  and  19^000  pounds  per  square  inch  for  S-816.  _Specimen  temperature 
was  again  maintained  at  1200^  F  for  A -286  alloy  and  1500^  F  for  both 
Inconel  700  and  S-816  alloys.  Four  specimens  of  each  alloy  were  inves¬ 
tigated  with  air  as  the  internal  gas.  Five  or  six  specimens  of  each 
alloy  were  investigated  with  hydrogen  as  the  internal  gas . 


Metallographic  studies .  -  Failed  specimens  of  all  alloys  were  ex¬ 
amined  metallographically  to  study  the  fracture  mechanism  as  well  as 
the  effect  of  environment  on  microstructure.  Photomicrographs  were 
taken  both  away  from  and  in  the  region  of  fracture  at  magnifications  of 
100  and  500. 


RESULTS  MB  DISCUSSION 

The  results  of  fatigue  and  stress -rupture  tests  of  A-286^  Inconel 
700^  and  S-816  alloys  with  either  hydrogen  or  air  as  the  internal  gas 
are  summarized  in  tables  III  and  IV.  These  data  are  also  plotted  in 
figures  3  and  4.  Photomicrographs  of  failed  specimens  are  shown  in 
figures  5  to  10, 


Fatigue  Studies 

I  The  average  life  of  each  alloy  tested  with  air  or  hydrogen  as  the 
internal  gas  is  given  both  in  cycles  and  in  hours  in  table  III ,  In  this 
discussion^  life  is  referred  to  in  hours  rather  than  in  cycles.  The 
average  lives  obtained  for  A-286  were  246  hours  (air)  against  207  hours 
(hydrogen);  for  Inconel  700^  372  hours  (air)  against  482  hours  (hydrogen); 
and  for  S-816^  398  hours  (air)  against  345  hours  (hydrogen).  A  compari¬ 
son  of  average-life  values  for  A-286  and  S-816  shows  slightly  longer  fa¬ 
tigue  lives  in  tests  with  an  -internal  air  atmosphere  than  with  an  internal 
hydrogen  atmosphere.  Of  course^  it  should  be  remembered  in  making  these 
comparisons  of  average  life  that  only  two  specimens  of  A-286  were  avail¬ 
able  for  the  hydrogen  tests .  The  test  results  of  the  remaining  alloy 
(inconel  700)  indicate  an  opposite  trend;  that  is,  the  average  life  ob¬ 
tained  with  an  internal  hydrogen  atmosphere  is  considerably  greater  than 
that  obtained  with  an  internal  air  atmosphere.  Inspection  of  a  plot  of 
all  the  fatigue  data  (fig.  3),  however,  casts  some  doubt  on  the  possible 
significance  of  these  differences  in  average  life.  It  is  apparent  from 
the  figure  that  there  is  considerable  overlap  of  both  the  hydrogen -and 
the  air  data  for  each  alloy,  thus  making  definitive  differences  in  life 
difficult  to  ascertain. A  It  should  be  noted  that  a  rather  large  amount 
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of  scatter  is  generally  obtained  in  fatigue  tests ^  and  the  scatter  shovn 
in  figure  3  is  not  uniq^ue.  Standard  deviations  for  each  set  of  data  were 
calculated  hy  the  method  of  reference  12  and  are  also  tabulated  in  table 
III.  For  Inconel  700^  the  one  alloy  that  showed  an  appreciable  differ¬ 
ence  in  average  fatigue  lives  as  obtained  in  hydrogen  and  air  tests 
(482  against  372  hr)^  the  calculated  standard  deviations  were  particu¬ 
larly  large.  These  large  deviations  would  tend  to  cast  doubt  on  the 
significance  of  the  observed  differences  in  average  lives. 

In  order  to  evaluate  the  data  more  effectively^  statistical  tech¬ 
niques  were  employed  and  confidence  levels  were  calculated  by  using  the 
method  described  in  reference  13.  These  are  also  tabulated  in  table  III. 
A  confidence  level  is  intended  to  show  whether  or  not  there  is  a  signif¬ 
icant  difference  between  two  given  sets  of  data  and  may  be  e^^pressed 
in  percentile.  In  considering  the  average  lives  obtained  in  hydrogen 
and  air  tests  of  these  alloys^  only  calculated  confidence  levels  of  95 
percent  or  greater  were  judged  to  be  indicative  of  significant  differ¬ 
ences  in  life.  In  no  case  was  the  calculated  confidence  level  as  high 
as  95  percent.  Thus^  it  would  appear  that  no  practical  significance 
should  be  attached  to  the  observed  differences  between  average  fatigue 
lives  obtained  in  hydrogen  and  air  tests  for  any  of  the  alloys.  Based 
on  the  preceding  considerations^  it  is  reasonable  to  conclude  that 
hydrogen  did  not  adversely  affect  the  axial  fatigue  life  of  any  of  these 
alloys  under  the  conditions  of  this  investigation. 


Stress -Rupture  Studies 


|The  results  of  the  stress -rupture  tests  are  sinnmarized  in  table  IV. 
Average  lives  and  standard  deviations  are  again  tabulated.  The  average 
lives  obtained  for  A-286  were  264  hours  (air)  against  215  hours  (hydro¬ 
gen);  for  Inconel  100 ^  209  hours  (air)  against  206  hours  (hydrogen); 
and  for  S-816^  215  hours  (air)  against  151  hours  (hydrogen).  A  com¬ 
parison  of  average -life  values  for  A-286  and  S-816  shows  somewhat  longer 
stress -rupture  lives  in  the  air  tests  than  in  the  hydrogen  tests.  The 
average  life  of  Inconel  700^  regardless  of  the  internal  gas^  was  virtu¬ 
ally  the  same.  Figure  4^  however^  suggests  that  only  one  of  the  alloys^ 
S-816,  demonstrated  a  marked  tendency  toward  lower  life  for  the  hydro¬ 
gen  data.  From  table  IV,  it  is  evident  that  the  standard  deviations  are 
also  quite  low  for  the  S-816  hydrogen  and  air  data,  which  tends  to  sub¬ 
stantiate  this  apparent  trend.  Confidence  levels  were  calculated  in  the 
same  manner  as  for  the  fatigue  data  and  these  are  also  tabulated  in 
table  IV.  The  confidence  levels  for  A-286  and  Inconel  700  were  less 
than  95  percent.  For  S-816,  however,  the  confidence  level  was  greater 
than  95  percent,  which  indicates  that  the  observed  difference  between 
average  life  with  air  and  average  life  with  hydrogen  is  significant 
for  this  alloy.  Thus,  it  would  appear  that  the  stress -rupture  life 
of  only  one  of  the  alloys  (S-816)  was  adversely  affected  by  hydrogen^ 
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)  Metallographic  Studis&J 


Photomicrographs  of  typical  failures  encountered  in  both  the  hydro¬ 
gen  and  air  fatigue  tests  for  each  of  the  alloys  investigated  are  shovn 
in  figure  5,  Similarly^  photomicrographs  of  typical  failures  encountered 
in  stress -rupture  tests  are  shovn  in  figure  6.  As  shown  in  these  figures^ 
the  fatigue-test  failures  were  generally  t ran s granular^  and  the  stress- 
rupture  -test  failures  were  generally  intergranular  in  nature,  regard¬ 
less  of  the  alloy  or  the  gas  passed  through  the  specimen.  It  is  evident 
from  figure  6  that  many  small  cracks  generally  occurred  in  the  area  im¬ 
mediately  adjacent  to  the  fracture  surface  in  the  stress -rupture  speci¬ 
mens.  Except  for  S-816  (fig.  5(c)),  only  a  few  such  small  cracks  and 
frequently  none  at  all  occurred  in  the  failure  area  of  the  fatigue  speci¬ 
mens  .  Macroscopic  and  microscopic  studies  of  hydrogen-tested  fatigue 
and  stress -rupture  specimens  indicated  that  these  small  cracks  occurred 
on  hoth  the  internal  (hydrogen  side)  and  external  (air  side)  surfaces. 
Normally,  they  were  not  concentrated  primarily  on  one  surface  in  prefer¬ 
ence  to  the  other. 


^  !  Figure  7  shows  photomicrographs  of  typical  tested  specimens  (fa¬ 
tigue  or  stress  rupture)  along  the  surface  exposed  to  hydrogen.  The 
area  chosen  was  near  the  point  of  failure  in  all  cases.  Figure  8  pre¬ 
sents  photomicrographs  of  additional  tested  specimens  (fatigue  or  stress 
rupture)  of  each  alloy  along  the  internal  surface,  which  show  areas 
away  from  the  point  of  failure.  No  scale  is  evident  on  the  surface  ex¬ 
posed  to  hydrogen,  however,  the  microstructure  of  each  of  the  alloys 
was  affected'  to  varying  depths  heneath  the  specimen  internal  surface. 

The  affected  zone  was  generally  continuous  through  hoth  the  cracked  and 
noncracked  areas .  Some  depletion  of  alloying  elements  may  have  occurred 
in  these  zones.  A-286  shows  the  narrowest  affected  zone  (figs.  7(a)  and 
and  8(a)).  Figure  7(c)  indicates  that  S-816  had  the  widest  affected  zone. 
At  a  magnification  of  500  only  the  affected  zone  Itself  is  observable. 


Its  true  depth  is  apparent  from  the  photomicrograph  at  a  magnification 
of  250.  The  marked  absence  of  precipitates  in  the  affected  zone  of  the 
S-816  specimens^  both  within  the  grains  and  in  the  grain  boundary  re¬ 
gions,  suggests  that  this  material  may  have  been  decarburized  and  con¬ 
siderably  weakened  by  the  hydrogen  environment.  Such  a  weakening  effect 
may  have  contributed  to  the  reduction  in  average  stress -rupture  life 
and  the  apparent  lesser  reduction  in  fatigue  life  observed  with  this 
material  during  the  hydrogen  tests.  It  is  interesting  to  note  that 
numerous  cracks  were  observed  in  this  affected  zone  (fig.  7(c)).  Me¬ 
tallographic  studies,  however,  did  not  indicate  that  a  greater  amount 
of  cracking  occurred  or  that  fracture  was  preferentially  initiated  in 
these  zones  compared  with  the  region  adjacent  to  the  external  specimen 
surface.  I 


Figure  9  shows  typical  microstructures  along  both  the  internal  and 
the  external  surfaces  of  specimens  of  each  alloy  after  air  tests  in  the 
areas  near  the  specific  points  of  failure.  Figure  10  presents  similar 


9 


photomicrographs  of  additional  specimens  of  each  alloy^  \diich  shov  re¬ 
gions  avay  from  the  failure  area.  It  is  apparent  from  these  figures 
that^  in  general,!^ considerably  thicker  scale  was  formed  on  the  exter¬ 
nal  surface  exposW  to  relatively  himid  air  rather  than  on  the  internal 
specimen  surface  exposed  to  dried  air.  This  scale  extended  through  both 
the  cracked  and  uncracked  areas.  Microscopic  examination  indicated  that 
considerable  oxidation  occurred  in  the  cracks  that  formed  near  the  point 
of  failure  of  air-tested  specimens  in  all  the  materials  investigated. 
Oxidation  occurred  in  the  cracks  that  extended  from  the  internal  sur¬ 
face  as  well  as  those  that  extended  from  the  external  surface.  This 
was  most  apparent  in  str as s -  rupture  tested  specimerjg  jand  is  best  illus¬ 
trated  in  figure  9(c).  io  oxidation  occurred  in  the  cracks  that  ex¬ 
tended  from  the  internal  surfaces  of  specimens  exposed  to  hydroge^ 


General  Considerations 


It  is  interesting  to  consider  some  of  the  results  of  this  investi¬ 
gation  in  the  light  of  certain  concepts  proposed  by  other  investigators. 
References  14  to  16^  which  deal  with  the  relative  effect  of  vacuum  and 
air  environments  on  the  stress -rupture  properties  of  both  nickel  and 
nickel -base  alloys^  indicate  that  oxidation  may  have  contributed  in 
some  cases  to  the  longer  lives  obtained  in  the  air  tests.  For  example^ 
it  was  postulated  that  a  material  could  be  strengthened  by  an  adherent 
oxide  film  that  might  form  on  its  surface  during  exposure  at  elevated 
temperatures  in  air.  It  was  further  suggested  (refs.  14  and  15)  that 
once  a  crack  has  been  initiated^  an  oxide  filr  formed  in  the  tip  of  the 
crack  could  act  to  reduce  the  effective  stress  concentration  and  thus 
reduce  the  crack -propagation  rate.  Such  an  oxide  formation  might  even 
bridge  the  crack  completely^  thereby  increasing  the  total  load-bearing 
area.  As  previously  indicated^  oxidation  was  noted  both  on  the  surfaces 
exposed  to  air  and  in  the  cracks  that  extended  from  those  surfaces  to 
varying  degrees  in  the  air-tested  specimens  of  this  investigation  (figs. 
9  and  10).  Air -tested  S-816  (fig.  9(c))  showed  particularly  heavy  sur¬ 
face  scales  as  well  as  heavy  oxidation  in  these  cracks.  It  will  be  re¬ 
called  that  of  all  the  materials  investigated,  only  air-tested  S-816 
(in  stress -rupture)  showed  any  significant  indication  of  improved  life 
over  the  hydrogen-tested  material.  It  is  possible  that  oxide  formation 
acting  in  the  manner  described  in  references  14  and  15  may  have  con¬ 
tributed  to  this  improved  life.  ■ 


‘Of  the  mechanisms  proposed  to  explain  the  detrimental  effect  of 
hydrogen  on  many  materials ,  the  one  dealing  with  methane  formation  in 
the  metal  (ref.  4)  may  be  particularly  pertinent  in  light  of  the  re¬ 
sults  obtained  herein.  Reference  4  suggests  that  in  metals  containing 
unstable  carbides,  hydrogen  may  react  with  such  carbides  to  form  meth¬ 
ane  gas,  thereby  weakening  the  microstructure.  Carbide  strengthening 
plays  a  major  role  in  achieving  elevated-temperature  strength  in  some 
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superalloy  materials .  Of  the  alloys  of  this  investigation,  this  is 
particularly  true  with  S-816  in  which  many  carbides  are  present.  It  is 
possible  that  a  reaction  of  the  type  suggested  in  reference  4  may  also 
have  contributed  to  the  tendency  for  S-816  to  show  lower  average  stress 
rupture  and  fatigue  lives  when  exposed  to  hydrogen,  f 


It  has  also  been  shown  in  the  literature  that  other  physical  prop¬ 
erties,  in  addition  to  the  strength  of  metals,  can  be  adversely  affected 
by  hydrogen.  For  example,  a  reduction  in  ductility  without  a  reduc¬ 
tion  in  strength  was  observed  for  certain  steels  in  reference  5.  In 
order  to  obtain  an  indication  of  the  effect  of  hydrogen  on  the  ductil¬ 
ity  of  the  materials  of  the  present  investigation,  measurements  of  the 
reduction  of  area  in  tested  specimens  were  made*  Specimen  distortion 
(lack  of  concentricity  of  hollow  specimens  after  test)  prevented  such 
measurements  from  being  made  in  many  cases.  fFor  those  cases  in  vhich 


a  satisfactory  comparison  could  be  made^  no  difference  in  reduction  of 
area  was  noted  between  the  hydrogen -tested  and  air-tested  specimens 
for  any  of  the  materials.  Thus,  so  far  as  could  be  determined,  no 
changes  in  ductility  were  caused  by  the  hydrogen  environment  mposed 
in  these  tests  with  any  of  the  materials  Investigated  herein,  j  ^ 
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SUMMARY  OF  RESULTS 

An  investigation  was  conducted  to  determine  the  effect  of  hydrogen 
on  the  elevated-temperature  axial -tensile -fatigue  and  stress -rupture 
properties  of  three  high-temperature  alloys,  A-286,  Inconel  700,  and 
S-816.  The  A-286  alloy  was  investigated  at  1200°  F;  Inconel  700  and 
S-816  alloys  were  investigated  at  1500°  F.  Each  alloy  was  tested  at 
a  single  mean  stress  level  in  fatigue  (49,500  psi  for  A-286,  33,000  psi 
for  Inconel  700,  and  16,000  psi  for  S-816)  and  a  different  single 
stress  level  in  stress  rupture  (57,000  psi  for  A-286,  40,000  psi  for 
Inconel  700,  and  19,000  psi  for  S-816),  Hollow  specimens  were  employed. 
In  one  series  of  tests  gaseous  dried  hydrogen  was  forced  through  the 
specimens,  while  their  exterior  surface  was  exposed  to  a  normal  air 
atmosphere  and  a  heat  source.  The  tests  were  repeated  with  dried  air 
as  the  Internal  gas.  The  following  results  were  obtained: 

1.  The  average  fatigue  lives  of  all  the  alloys  were  not  signifi¬ 
cantly  decreased  due  to  the  hydrogen  environment  as  compared  with  the 
average  fatigue  - lives  obtained  in  the  air  tests. 

2.  Comparison  of  the  average  stress— rupture  lives  obtained  from 
hydrogen  and  air  tests  with  A-286  and  Inconel  700  showed  no  statlsti- 
cS’lly  significant  differences.  S-816,  however,  was  damaged  by  hydrogen 
Insofar  that  average  lives  of  151  and  215  hours  were  obtained  for  the 
hydrogen  and  air  tests,  respectively.  This  represented  a  statistically 
significant  difference  in  life. 
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5.  Cracks  appeared  on  both  the  internal  surface  (hydrogen  side) 
and  the  external  surface  (air  side)  in  the  failure  area  of  hydrogen- 
tested  fatigue  and  stress -rupture  specimens.  Normally  these  cracks 
vere  not  concentrated  primarily  on  one  surface  in  preference  to  the 
other . 

4.  Fatigue  failures  vere  generally  transgranular  in  nature^  while 
stress -rupture  failures  were  intergranular  for  each  material  investi¬ 
gated^  regardless  of  whether  dried  hydrogen  or  dried  air  was  forced 
through  the  test  specimens. 

5.  The  microstructures  of  all  the  alloys  usually  revealed  de¬ 
pleted  zones  of  varying  depths  along  the  surface  exposed  to  hydrogen. 
These  were  continuous  through  both  the  cracked  and  noncracked  regions. 

6 .  Metallurgical  examination  revealed  a  much  heavier  scale  on 
specimen  external  surfaces  exposed  to  relatively  humid  air  than  that 
observed  on  internal  surfaces  exposed  to  dried  air.  This  was  evident 
in  the  region  of  failure  as  well  as  in  the  regions  away  from  the 
failure  area. 


Lewis  Research  Center 

National  Aeronautics  and  Space  Administration 
Cleveland^  Ohio^  August  10^  1962 


REFERENCES 

1.  Esgar^  J.  B.^  Livingood^  J.  N.  and  Hickel^  R.  0,:  Research  on 

Application  of  Cooling  to  Gas  Turbines.  Trans.  ASME^  vol.  12 y 
no.  3^  Apr.  1957^  pp .  645-652. 

2.  Class^  I.:  Stress  Corrosion  Phenomena  in  Mechanically  Strained 

Steel  Due  to  Diffusing  Hydrogen.  Werkstoffe  und  Korrosion^ 
pt.  5^  vol.  6^  1955^  pp.  237-245. 

3.  Johnson/ H.  H._,  Morlet^  J.  G.^,  and  Troiano^,  A.  R.:  Hydrogen^  Crack 

Initiation^  and  Delayed  Failure  in  Steel.  TR  57-262^  WADC^ 

May  1957 . 

4.  Kolgatin^  N.  N.^  Glikman^  L.  A.^  Teodorovich^  V.  P.^  and  Deryabina^ 

V.  I.:  Rupture  Strength  of  Tubular  Steel  Specimens  Under  Inter¬ 
nal  Hydrogen  Pressure  at  High  Temperatures .  Metallovedenie  i 
Termich^  Obrabotka  Metallov^  no.  3^  Mar.  1959^  pp.  19-24.  (Henry 
Brutcher  Trans .  4539 . ) 


12 


5.  Van  Ness^  H.  C.^  and  Dodge^  B.  F.:  Effects  of  Hydrogen  at  High 

Pressures  on  the  Mechanical  Properties  of  Metals.  Chem.  Eng.  Prog, 
vol.  51^  no.  6^  June  1955^  pp.  266  -  271. 

6.  Pickus_,  Milton  R.^  and  Parker^  Earl  R.:  Creep  as  a  Surface  Dependent 

Phenomenon.  Spec.  Tech.  Puh .  108^  ASTM^  June  26^  1950^  pp.  26  -  33 

7.  Shepard,  0.  Cutler:  Investigation  of  the  Effect  of  Atmosphere  Reac¬ 

tion  on  the  Deterioration  of  Metals  at  Elevated  Temperatures. 

Prog.  Rep.  for  period  Sept.  17,  1947  to  Apr.  1,  1948,  Standford 
Univ,,  Apr.  8,  1948. 

8.  Shepard,  0.  Cutler,  and  Schalliol,  Willis:  The  Effect  of  Environ¬ 

ment  on  the  Stress -Rupture  Properties  of  Metals  at  Elevated  Tempera 
tures.  Spec.  Tech.  Puh.  108,  ASTM,  June  26,  1950,  pp.  34  -  38; 
discussion,  pp.  39  -  41. 

9.  Tipton,  C.  R.,  Jr.:  Reactor  Handbook.  Vol.  1  -  Materials.  Second 

ed.,  Intersci.  Publ.,  Inc.,  1960. 

10.  Craver,  C.  B.,  Aggen,  G.  N.,  and  Dyrkacz,  W.  W. :  A  Study  of  Precip¬ 

itation  Hardening  of  A-286  Alloy.  Rep.  H-0111-8,  Allegheny  Ludlum 
Steel  Corp.,  Mar.  1955. 

11.  Lund,  C.  H.:  Physical  Metallurgy  of  Nickel-Base  Superalloys.  Rep. 

153,  Defense  Metals  Info.  Center,  May  5,  1961. 

12.  Davis,  H.  E.,  Troxell,  G.  E.,  and  Wiskocil,  C.  T.:  The  Testing  and 

Inspection  of  Engineering  Materials.  Eighth  ed.,  McGraw-Hill  Book 
Co.,  Inc.,  1949. 

13.  Smith,  Chester  R.:  How  Statistical  Techniques  Solve  Metalworking 

Problems,  pt.  I.  Metal  Prog.,  vol.  69,  no.  2,  Feb.  1956,  pp. 
81-86.  (See  also  pt.  2,  vol.  69,  no.  3,  Mar.  1956,  pp.  76  -  78.) 

14.  Shahinian,  P.,  and  Achter,  M.  R.:  A  Comparison  of  the  Creep-Rupture 

Properties  of  Nickel  in  Air  and  in  Vacuum.  Rep.  5036,  Naval  Res. 
Lab.,  Oct.  18,  1957. 

15.  Shahinian,  P.,  and  Achter,  M.  R.:  The  Effect  of  Atmosphere  on  Creep- 

Rupture  Properties  of  a  Nickel -Chromium -Aluminum  Alloy.  Rep.  5133, 
Naval  Res.  Lab.,  May  6,  1958. 

16.  Shahinian,  P.:  Effect  of  Environment  on  Creep-Rupture  Properties  of 

Some  Commercial  Alloys.  ASM  Trans.,  vol.  49,  1957,  p.  826. 


TABLE  I.  -  CHEMCAL  ANALYSIS  OF  AS-RECEIVED  MATERIALS 


13 


CD 

CVI 

to 

CD 

O 

O 

rH 

NO 

« 

o 

o 

O 

CD 

l>- 

00 

o 

O 

o 

CO 

O 

O 

q 

O 

O 

o 

LO 

■ 

m 

CD 

H 

■I 

■ 

rH 

ft 

O 

n 

■ 

O 

* 

o 

■1 

■ 

o 

CD 

m 

■ 

■ 

> 

CVI 

H 

■ 

d 

■1 

■ 

+ 

cd 

00 

m 

■ 

■ 

e 

EH 

(J} 

* 

H 

1 

NO 

■ 

■ 

mam 

n 

■ 

mi 

CD 

cd 

H 

■ 

NO 

EH 

■1 

■ 

« 

■1 

■ 

11^1 

o 

-p 

NO 

C-- 

LO 

-E 

o 

NO 

rH 

LO 

tiO 

S 

« 

• 

* 

•H 

(L) 

rH 

to 

to 

> 

uo 

H 

CVJ 

CVI 

!>;) 

CO 

• 

• 

• 

o 

O 

O 

-P 

1 

n 

■ 

1 

■1 

■ 

00 

<D 

13: 

1 

■1 

■ 

a 

I 

■1 

■ 

NO 

(1) 

00 

.o 

o 

ft 

r[ 

C\3 

o 

rH 

» 

9 

*s 

rH 

o 

rH 

o 

I 

LO 

m^m 

•H 

1 

o 

■P 

o 

1 

• 

►H 

CO 

I 

o 

O 

C\J 

a> 

rH 

cva 

§ 

EH 

• 

• 

o 

o 

CVJ 

cvj 

CD 

CVI 

mnHi 

1 — 1 

rH 

CVI 

< 

O 

to 

(Ji 

NO 

CD 

u 

# 

• 

• 

o 

LO 

CD 

rH 

rH 

rH 

jmm 

■ 

m 

o 

■ 

o 

■ 

■ 

miiii 

■ 

mm 

o 

lO 

CD 

r- 

rH 

* 

• 

• 

lO 

LO 

o 

00 

CVI 

• 

00 

0) 

rH 

l>- 

CD 

ft 

cd 

• 

* 

ft 

O 

NO 

• 

• 

!h 

1 

ft 

• 

*  ft 

!>^ 

fr 

o 

s  u 

(D 

o 

rH 

o 

Sh  o 

•H 

<\) 

o 

cd 

<D  O 

c— 1 
&• 

■S  1 

rH 

1 

sd 

o 

rH 

0) 

■§)  1  H 

& 

<U  rH 

0) 

<D 

•H 

(u  H  <u 
rH  TO  0) 

rH  Td 

(U 

-P 

-P 

O 

CO 

H  ^ 

-p 

Cd 

Cd 

•H 

rH  -P 

CO 

H 

^  1 

<  ft  CO 

rH 

<U 

>7, 

CD 

CD 

o 

CO 

o 

o 

rH 

H 

CVJ 

o 

o 

00 

rH 

1 

t-- 

1 

c 

M 

CO 

cd 

ft 

u 

o 

-p 

cd 

U 

o 

'§ 

H 

-P 

r} 

(D 

nzl 

<D  • 
P^  W 
CD  ‘H 
Td  CO 
Sd  {>5 
•H  iH 
Cd 

pQ  Cd 

CO  CO 

•H  ■- 

CO  ^ 

Q 

rH  ‘Xd 

cd  fd 
SU  (D 

cd  ^ 


TABLE  II.  -  HEAT  TREATMENT  OF  ALLOYS 


PRIOR  TO  MACHINING 


Alloy 

Heat  treatment 

A-286 

1800^  F  for  1  hr^  oil  q,uench 

1300O  Y  for  16  hr^  air  cool 

Inconel 

700 

2150*^  F  for  2  hr^  air  cool 

1600*^  F  for  4  hr^  air  cool 

S-816 

2150^  F  for  1  hr^  vater  quench 

1400*^  F  for  16  hr^  air  cool 
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TABLE  III.  -  FATIGUE  LIVES  OF  THREE 


HIGH -TEMPERATURE  ALLOYS 


49,500  1200 


Stress,  Temper-  •  Life 

Cycles  I  Hr 


Average  life 


Cycles 


22.6X10^ 

26.1 

31.2 
33.6 

32.3 


Stand-  Confi- 
ard  dence 
devia-  level, 
tion,  percen- 
hr  tile 


1200 

16.0X10® 

33.0 

135.8 

278.2 

1500 

27.4X10^ 

231.9 

32.9 

278.0 

33.1 

280.7 

33.8 

286,0 

47.4 

401.6 

49.2 

416.6 

83.4 

705.5 

1500 

43.5X10^ 

367.6 

48.6 

411.1 

49.1 

415.5 

55.2 

467.1 

89.0 

750.4 

1500 

47.8X10^ 

404.6 

31.2 

263.8 

|60.1 

508.7 

68.4 

578.2 

1 

27.5 

232.9 

1 

1500 

31.0X10^ 

1262.2 

38.2 

323.2 

42.0 

357.0 

42.0 

357.1 

55.8 

428.4 
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TABLE  IV.  -  STRESS -RUPTURE  LIVES  OF 
THREE  HIGH -TEMPERATURE  ALLOYS 


Alloy 

Internal 

gas 

Stress^ 

psi 

Temper¬ 
ature  , 
°F 

Life, 

hr 

Average 

life, 

hr 

Standard 

deviation, 

hr 

Confidence 

level, 

percentile 

A-286 

Air 

57,000 

1200 

230.6 

253.3 

254.2 

264.3 
316.8 

±32 

83 

Hydrogen 

57,000 

1200 

109.7 

125.0 

188.9 

246.6 

280.0 

340.0 

j 

^215 

±90 

Inconel 

700 

Air 

40,000 

1500 

167.3 

188.3 
196.7 
282.0 

±51 

20 

Hydrogen 

40,000 

1500 

154.6 

198.3 

206.3 

207.3 
266.2 

|•206 

±40 

S-816 

_ 

Air 

19,000 

1500 

166.6 

228.3 

232.8 

232.8 

1 

1^215 

±32 

98 

Hydrogen 

19,000 

1500 

120.5 

130.6 
140,4 
161.0 
200.2 

±31 

Life^  hr 

Figure  4.  -  Comparison  of  stress-rupture  life  of  tubular 
specimens  with  internal  surface  exposed  to  air  or  hyro 
gen  for  three  alloys  tested  at  constant  stress  and  tern 
perature. 


Internal 

surface 


External 

surface 


(a)  A-286;  internal  surface  exposed  to  air;  life^ 
22.6x10^  cycles  (191.2  hr). 


Figure  5.  -  Transgranular  fractures .typical  of 
failures  encountered  in  fatigue  tests  vith  both 
air  and  hydrogen. 


("b)  Inconel  700;  internal  surface  exposed  to  hydrogen; 
life^  89.0x10®  cycles  (750.4  hr). 


Figure  5*  -  Continued*  Transgranular  fractures 
typical  of  failures  encountered  in  fatigue  tests 
vith  both  air  and  hydrogen* 


miii 


(c)  S-816;  internal  surface  exposed  to  air;  life^ 
27,5x10^  cycles  (232*9  hr). 

Figure  5.  -  Concluded.  Transgranular  fractures 
typical  of  failures  encountered  in  fatigue  tests 
with  hoth  air  and  hydrogen 


Internal 

surface 


External 

surface 


X500 


(a)  A-286;  Internal  surface  exposed  to  airj  life^ 
316.8  hours. 


Figure  6.  -  Intergranular  fractures  typical  of 
failures  encountered  in  stress -rupture  tests 
vith  both  air  and  hydrogen. 


("b)  Inconel  700;  internal  surface  exposed  to 
hydrogen;  life,  198.3  hours. 

Figure  6.  -  Continued.  Intergranular  fractures 
typical  of  failures  encountered  in  stress -rupture 
tests  with  both  air  and  hydrogen. 


(c)  s-816j  internal  surface  exposed  to  air;  life^ 
166*6  hours* 


Figure  6*  -  Concluded.  Intergranular  fractures 
typical  of  failures  encountered  in  stress -rupture 
tests  with  both  air  and  hydrogen. 
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(a)  A-286;  stress -rupture  test;  life^  280  hours 
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(b)  Inconel  700;  stress -rupture  test;  life^  198.3 
hours . 


Figure  7.  -  Area  near  region  of  failure  of  typical 
specimens  showing  internal  svirface  after  exposure 
to  hydrogen. 
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Internal  surface 


External  surface 


(a)  A-286j  fatigue  test;  life^  33.6x10®  cycles 
(284.2  hr). 

Figure  9.  -  Typical  specimens  shoving  both  internal 
and  external  surfaces  in  region  of  failure. 
Internal  surface  exposed  to  dried  air;  external 
surface  exposed  to  relatively  humid  air.  X500. 


life,  83.4x10 


Figure  9.  -  Continued.  Typical  specimens  shoving 
hoth  internal  and  external  surfaces  in  region  of 
failure.  Internal  surface  exposed  to  dried  air; 
external  surface  exposed  to  relatively  humid  air 
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(c)  S-816^  stress -rupture  test;  life^  232.8  hours, 

Figure  9^  -  Concluded.  Typical  specimens  showing 
"both  internal  and  external  surfaces  in  region  oj 
failure.  Internal  surface  exposed  to  dried  air; 
external  surface  exposed  to  relatively  humid  aii 
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External  surface 

(a)  A-286;  fatigue  test;  life^  33*6xl0^ 
cycles  (284.2  hr). 

Figure  10.  -  Typical  specimens  shoving  both  internal 
and  external  surfaces  in  area  some  distance  from 
region  of  failure.  Internal  surface  exposed  to 
dried  air;  external  surface  exposed  to  relatively 
humid  air .  X5 00 . 


...  . 


External  surface 

(b)  Inconel  700j  fatigue  test;  life^  47.4x10^  cycles 
(401.6  hr) . 

Figure  10.  -  Continued.  Typical  specimens  shoeing 
both  internal  and  external  surfaces  in  area  some 
distance  from  region  of  failure.  Internal  surface 
exposed  to  dried  air;  external  surface  exposed  to 
relatively  humid  air.  X500. 


Internal  surface 


External  surface 

(c)  S-816j  fatigue  test;  life^  31.2x10^  cycles 
(263.8  hr). 


Figure  10.  -  Concluded.  Typical  specimens  shoving 
hoth  internal  and  external  surfaces  in  area  some 
distance  from  region  of  failure.  Internal  surface 
exposed  to  dried  air;  external  surface  exposed  to 
relatively  humid  air.  X500. 
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